The process of stimulated Raman adiabatic passage ͑STIRAP͒ provides a possible route for the generation of a coherent molecular Bose-Einstein condensate ͑BEC͒ from an atomic BEC. We analyze this process in a three-dimensional mean-field theory, including atom-atom interactions and nonresonant intermediate levels.
I. INTRODUCTION
Coherent conversion of an atomic to a molecular BoseEinstein condensate ͑BEC͒ is a first step towards ''superchemistry'' ͓1͔, which is the stimulated emission of molecules in a chemical reaction. A number of studies of this ͓2-4͔ have shown that direct conversion via Raman photoassociation ͓5͔ appears feasible, based on stimulated freebound and bound-bound transitions in the presence of two laser fields of different frequencies ͓6͔. Here pairs of atoms from the two-atom continuum of the ground electronic potential are transferred-via an excited bound molecular state-to a bound molecular state of a lower energy in the ground potential. Raman photoassociation allows coupling to a single molecular state, which can be selected by the Raman laser frequencies. Practical estimates using available lasers and transitions indicate that coherent transfer may be limited by spontaneous emission from the intermediate molecular excited electronic state. Another mechanism that can result in coupled atomic-molecular BEC systems ͓7͔ is based on Feshbach resonances ͓8͔. However, realistic analysis and experimental implementations ͓9͔ indicate that the loss processes due to inelastic atom-molecule collisions occur at a significant rate.
A possible route towards minimizing losses and decoherence from spontaneous emission in photoassociation is stimulated Raman adiabatic passage ͑STIRAP͒ ͓10͔, in which a counterintuitive pulse sequence is used, where the first input pulse couples the molecular levels-even when there are no molecules present. In this situation, a dark superposition state is formed, due to interference effects between the atomic and molecular electronic ground states. This minimizes the probability of a real transition to the molecular excited state, and hence reduces spontaneous emission. Previous analyses of this problem have not taken into account losses, collisions, or the full three-dimensional structure of the two Bose condensates in a trap.
In this paper we provide an analysis which is relevant in a physically appropriate model that does include the known physics of spontaneous emission losses, s-wave scattering processes and spatial diffusion of the condensates. The result is that the STIRAP process appears feasible at high laser pulse intensities, provided the Rabi frequency is much greater than the two-photon detuning due to mean-field interactions. We give a detailed numerical calculation based on both homogeneous and inhomogeneous three-dimensional mean-field ͑Gross-Pitaevskii type͒ theories, including couplings to nonresonant intermediate levels, and show how the results scale with the two-photon detuning, pulse duration, and Raman pulse intensities. An optimal situation is found by considering an off-resonance operation and different effective Rabi frequencies in the two Raman channels. We show that these strategies can greatly enhance the conversion efficiency for given laser intensities, thus making the experimental requirements much more feasible.
II. COUPLED GROSS-PITAEVSKII EQUATIONS FOR STIRAP
We start by considering the theory of coherently interacting atomic and molecular condensates needed to describe this process ͓1,3͔, and assume a specific coupling mechanism based on stimulated free-bound Raman transitions ͓6͔, in which two atoms of energy E 1 collide to form a molecule of energy E 2 with an excited molecular state forming as an intermediate step. The Raman coupling is induced by two laser fields of frequencies 1 and 2 , and becomes resonant when the Raman detuning ␦ϭ(2E 1 ϪE 2 )/បϪ( 2 Ϫ 1 ) goes to zero. This allows coupling to a single molecular state, which can be selected by the Raman laser frequencies.
We derive the atom-molecule coupling for a simplified model of the two-body interaction ͓1,11͔, in which the atoms interact in their electronic ground state through a single Born-Oppenheimer potential V g (R) . Molecules are formed in a single bound vibrational state of energy E 2 with radial wave function u 2 (R). Two free atoms with zero relative kinetic energy have a total energy 2E 1 , and a relative radial wave function u 1 (R), normalized so that asymptotically u 1 ϰ(1Ϫa 1 /R). We assume that the laser field has two frequency components, with EϭRe ͚͓E (i) exp(i i t)͔, iϭ1,2.
Each couples the ground electronic state to a single electronically excited state described by a potential V e (R), with ''bare'' electronic Rabi frequencies ⍀ i (el) (R)ϭd 3i (R)
•E (i) /ប, where d 3i (R) is the molecular electric dipole matrix element with a nuclear separation of R. The excited state has vibrational levels ͉vЈ͘ with energies E v Ј and radial wave functions u v Ј (R). All bound levels are normalized so that ͐d 3 R͉u v Ј ͉ 2 ϭ͐d 3 R͉u 2 ͉ 2 ϭ1. We consider the case of near resonant transitions 1→vЈ →2 and denote the resonant excited vibrational level vЈ via index 3 ͑see Fig. 1͒ . The usual quantum field theory Hamiltonian ͓12͔ for noninteracting atomic (iϭ1) and molecular (iϭ2,3) species, in well-defined internal states described by annihilation operators ⌿ i , is given by
͑1͒
Here m i (iϭ1,2,3) are the masses, m 2,3 ϭ2m 1 , and V i (x) is the trapping potential including the internal energy for the ith species, where we define V i (0)ϭE i . Including s-wave scattering processes and laser-induced particle interconversion, together with the assumption of a momentum cutoff, results in the following terms in the effective interaction Hamiltonian:
2) are the molecular Rabi frequencies. These can be treated using the Franck-Condon overlap integrals I i,3 ϭ͐d 3 Ru 3 *(R)u i (R), if we take ⍀ i (el) as the mean electronic Rabi frequency. We note that ⍀ 1 , which connects the atomic and molecular condensates, has units of s Ϫ1 m
Ϫ3/2
, and must be multiplied by the atomic condensate amplitude to obtain a true Rabi frequency. The couplings U i j in the diagonal case are given by U ii ϭ4បa i /m i , where a i is the ith species s-wave scattering length, while the nondiagonal terms are given by U i j ϭU ji ϭ2បa i j / i j , where a i j is the interspecies scattering length and ϭm i m j /(m i ϩm j ) is the reduced mass.
In addition, we account for losses from each state, at a rate ␥ i . The resulting Heisenberg equations for the field operators are treated within the mean-field approximation, in which the operators are replaced by their mean values, and a factorization is assumed. This approximation is expected to be valid at sufficiently high density. Corrections due to quantum correlations ͓13͔ have been treated in greater detail elsewhere ͓14͔. Next, we introduce rotating frame detunings, defined so that
In the case of uniform condenstates, V i (x) are equal to V i (x)ϭE i , and ⌬ 3 ϭ0. This results in the following set of Gross-Pitaevskii type of equations for the mean-field amplitudes, in rotating frames such that i ϭ͗⌿ i ͘exp͕i͓E i ϩ⌬ i (0)͔t/ប͖:
Here ⌬ j GP is the ith Gross-Pitaevskii mean-field detuning in the rotating frame, defined so that:
We also introduce the two-photon laser detuning at trap center:
In addition to losses due to spontaneous emission from the electronic excited states, rotationally or vibrationally inelastic atom-molecule collisions may also give rise to losses. The magnitude of these rates is presently unknown, and we neglect them here. We note that these rates should decrease rapidly with increasing molecular binding energy and go to zero in the molecular ground state, so that it should be possible to obtain a very low rate by selecting the coupling to a deeply bound molecular level. This approximation means that we will set ␥ i ϭ␥␦ 3i in the following treatment, where ␦ i j is the Kronecker ␦-function.
The simplest STIRAP scheme employs exact tuning of the laser frequencies to the bare state resonances, i.e., ⌬ 1 (0) ϭ⌬ 2 (0)ϭ0. This, however, is not necessarily required as the STIRAP can still occur with detuned intermediate levels.
Moreover, as we show below, in BEC environments the offresonance operation turns out to be more efficient if the detunings compensate for the phase shifts due to mean-field energies. In effect this is equivalent to a renormalized twophoton ''on-resonant'' operation in which ⌬ 2 GP (x,0) Ϫ2⌬ 1 GP (x,0)Ϸ0. If, instead of considering near-resonance coupling, we consider a large intermediate level detuning so that the excited state can be adiabatically eliminated, we recover the basic terms in the set of equations analyzed in ͓1͔. Simultaneously, this would give us the previously known result ͓11͔ for the laser-induced modification to the scattering length a 1 occurring in a simple single-laser photoassociation of pairs of atoms, thus justifying the above form of the interaction Hamiltonian. In the present paper, however, we assume that the detunings ⌬ i are small compared to the characteristic separation between the vibrational levels so that all other vibrational levels can be neglected. The near-resonant excited level is treated explicitly, rather than eliminated adiabatically as in ͓1͔.
III. STIRAP IN A BEC
Before carrying out simulations of the full 3D equations in a trap, it is instructive to start with a simplified version of the theory-in which there are no kinetic energy terms. We expect this approximation to be valid in the Thomas-Fermi limit of large, relatively dense condensates, which is a regime of much current experimental interest. This is described by the following set of equations:
where we have introduced as an effective Thomas-Fermi limit frequency shift,
This corresponds to the treatment given in ͓10͔, except that we explicitly include the loss term ␥ due to spontaneous emission, the s-wave scattering processes due to U i j , and the Franck-Condon integrals into the coupling coefficients for the free-bound and bound-bound transitions.
In order to understand how this is related to the usual STIRAP technique in a three-level ⌳ atomic system, we introduce a new wave function m ϭ 1 /ͱ2, which corresponds to the coherent amplitude of a ͑virtual͒ molecular condensate with the same number of atoms as in the atomic BEC. We then introduce a Bose-stimulated Rabi frequency, which includes a local coherent BEC amplitude for the first free-bound transition: ⍀ 1 ϭ 1 ⍀ 1 . This leads to the equations
These are precisely the usual STIRAP equations, except with additional detunings coming from the mean-field interactions, and a Rabi frequency in the first transition which is proportional to the amplitude of the atomic BEC wave function. In practice, the Rabi frequency may have an additional space dependence due to the spatial variation of the laser phase and intensity. We therefore conclude that, provided we can satisfy the normal adiabatic STIRAP requirements of slow time variation in the effective Rabi frequencies in the above equations, the technique will also work for a BEC. This is a simpler proof than previously ͓10͔. In particular, we can immediately deduce the expected solution for real Rabi frequencies in the adiabatic limit. To have ⍀ 1 m ϭϪ⍀ 2 2 , one requires,
3 ͑ x,t ͒ϭ0.
Here the space-dependent mixing angle (x,t) is obtained from the ratio of effective Rabi frequencies
͑13͒
We can see that initially, while 1 is still close to its initial value, the mixing angle is close to its expected value in normal STIRAP, since tan()Ϸ 1 (x,0)⍀ 1 /⍀ 2 . However, at the final stages of the adiabatic passage, the nonlinear effects due to the atom-molecular coupling become important. As the atomic BEC amplitude only varies on the time scale of the input fields, the nonlinear atom-molecular coupling term by itself should not introduce new adiabatic re-strictions. However, there will be time-dependent detunings introduced by the mean-field terms.
Finally, we can see that similar conclusions can also be reached in a nonuniform BEC by replacing the uniform detunings with appropriate Gross-Pitaevskii detunings, which include the spatial potentials. In a typical BEC cooled in the Thomas-Fermi regime, we expect the kinetic energy terms to have relatively small effects.
STIRAP can therefore be implemented as usually by using two laser pulses applied in counterintuitive order. We choose Gaussian pulses of the form
where the peak values are related as follows:
. The pulse at frequency 2 is applied first, with the center at t 2 , while the second pulse at frequency 1 is delayed by ␣T, i.e.,
where ␣ is the delay coefficient, and T is the pulse duration, which we assume is the same for both pulses. In terms of the Rabi frequencies, the adiabatic condition for STIRAP now reads as ͓15͔ ⍀͑t ͒⌬ӷ ͱ 1ϩ͉2⌬ 1
where ⍀(t)ϭ ͱ ͉⍀ 1 (t)͉ 2 ϩ͉⍀ 2 (t)͉ 2 is the rms Rabi frequency, ⌬ is the duration during which the pulses overlap, and (2⌬ 1 TF Ϫ⌬ 3 TF ) simply corresponds to the detuning of the single-photon transition. However, there is a second condition, which is often not stated explicitly. This is that STIRAP requires an effective two-photon resonance to avoid dephasing between the initial and final states in the dark-state superposition. The two-photon resonance condition is different from the usual STIRAP case, since a detuning of ⌬ 1 TF causes a phase rotation both in m and in ⍀ 1 as well, since this also includes a phase term from the condensate. As a result, the necessary condition for two-photon resonance is therefore
This leads to a third condition, which shows that there is a lower bound to the allowed Rabi frequency in order to have STIRAP occurring in the presence of mean-field dephasing effects,
As is usually the case in STIRAP, these conditions cannot be satisfied very early or late in the pulse sequence, when the Rabi frequencies are small; but they should be satisfied over most of the STIRAP interaction, and over most of the condensate volume. For simplicity, we will apply these conditions to the peak Rabi frequency ⍀ (0) , and to the total pulse duration T. Further, since ⍀ 1 is itself a function of the STIRAP evolution, we introduce an effective first Rabi frequency, defined in terms of the initial density n 1 (0) ϭ͉ 1 (0)͉ 2 . This is an upper bound to the stimulated Rabi frequency; thus ⍀ 1 (e f f ) (t)ϭͱn 1 (0)⍀ 1 (t)у⍀ 1 (t) ͓and sometimes we write ⍀ 2 (e f f ) (t)ϭ⍀ 2 (t), for uniformity͔, where
where
. A typical pulse sequence is shown in Fig. 2 . From the definition of ⍀ i , the Franck-Condon overlap integrals are an important issue from the point of view of employing a realistic set of parameters. Since the overlap integrals enter into the definition of the effective Rabi frequencies, their values will affect the adiabatic condition rewritten in terms of the ''bare'' electronic Rabi frequencies ⍀ i (el) . We will analyze this in more detail in the next section.
IV. UNIFORM CONDENSATE RESULTS
We start by considering a uniform condensate, described by a similar equation to the Thomas-Fermi case, except with a uniform trap potential for simplicity:
Here the uniform detuning term ⌬ 1 TF (0) is defined as the Thomas-Fermi detuning, evaluated at the trap center. We start by considering a uniform condensate in which the s-wave scattering interactions are negligible ͑i.e., U i j ϭ0͒, and assume exact resonances with respect to bare state transitions, ⌬ 1 ϭ⌬ 2 ϭ0. We first simulate the above simplified
FIG. 2. The Rabi frequencies ⍀ i
(e f f ) (t) for the Raman transitions, with the peak values of ⍀ 1 (e f f ,0) ϭ⍀ 2 (e f f ,0) ϭ2.1ϫ10 7 s Ϫ1 , pulse durations Tϭ10 Ϫ4 s, and a delay coefficient of ␣ϭ1.5.
equations ͑21͒ with an initial condition of a pure atomic condensate. This model is more realistic than that of Mackie et al. ͓10͔ , as it includes spontaneous emission. We find that including the loss term ␥ imposes restrictions on the effective Rabi frequencies ⍀ i (e f f ,0) and the duration of the pulses T.
The results are best understood with reference to Table I , which gives the values of typical STIRAP parameters characteristic of a condensate of 87 Rb atoms ͓1,5͔͒, and they correspond to the pulse sequence in Fig. 2 .
Taking the values of the parameters in Table I , and an optimum delay coefficient of ␣Ӎ1.5, gives Ӎ0.96 or about 96% efficiency of conversion of atomic BEC into molecular BEC, even including the upper level spontaneous emission.
Here, the conversion efficiency is defined as the fraction of the initial number of atoms n 1 (0) converted into molecules
where n 2 (ϱ) is the final number of molecules. This accounts for the fact that n 1 atoms can produce n 1 /2 molecules at best. For comparison, using smaller Rabi frequencies, ⍀ i
ϭ2.1ϫ10 6 s Ϫ1 , and a larger value of Tϭ10 Ϫ3 s, so that the product ⍀ i (e f f ,0) T still has the previous value ⍀ i (e f f ,0) T ϭ2.1ϫ10 3 , gives a maximum conversion efficiency of Ӎ0.83 with a new optimum delay coefficient ␣Ӎ1.2. This is smaller than in the previous example. In order to reach the same efficiency as before, one has to further increase the pulse durations ͑up to Tϭ10 Ϫ2 s͒, i.e., enter into a deeper adiabatic regime. In in the absence of the spontaneous emission term, the conversion efficiencies would not be different in these two examples.
In other words, in this simplified model it is possible to have effective Rabi frequencies smaller than the spontaneous-emission rate ␥, provided the duration of the pulses is long enough. As usual, we can understand this physically as implying that the upper level is never actually occupied for very slowly varying adiabatic pulses. Hence, just as in the case of atomic STIRAP, we can ignore spontaneous emission from the upper level provided that we use very slowly varying pulses which are sufficiently deep in the adiabatic limit. As we see in the following calculations, the problem with this strategy is that very long pulses will tend to cause violations of the two-photon resonance condition, in the presence of mean-field interactions.
A. Effects of the mean-field energies
We now wish to include the mean-field energy terms, and first restrict our analysis to the atom-atom scattering processes. We consider a characteristic value of U 11 ϭ4.96 ϫ10 Ϫ17 m 3 /s corresponding to the scattering length of 87 Rb atoms ͓16͔ a 1 ϭ5.4 nm (m 1 ϭ1.443ϫ10 Ϫ25 kg). Together with the choice of the initial atomic density n 1 (0) as before ͑see Table I͒ , the value of U 11 sets up a characteristic dephasing time scale
equal in this case to t ph Ӎ4.7ϫ10 Ϫ5 s. The pulse duration T must be smaller than or of the order of the dephasing time, in order to permit STIRAP, otherwise the two-photon resonance condition will not be satisfied.
Thus, including atom-atom scattering imposes an upper limit to the pulse duration, so that T has now to satisfy T Շt ph Ӎ10 Ϫ5 Ϫ10 Ϫ4 s. But this restriction means that one can no longer use longer pulse durations for small values of ⍀ i (e f f ,0) , while still maintaining high conversion efficiency. As a result, the adiabatic condition ⍀ i (e f f ,0) Tӷ1, with the restriction of TՇ10 Ϫ5 Ϫ10 Ϫ4 s, requires high peak values of the effective Rabi frequencies: ⍀ i (e f f ,0) տ10 7 s Ϫ1 . In order to satisfy this combination of requirements, we use typical parameter values given in Table I , with U 11 ϭ4.96ϫ10 Ϫ17 m 3 /s. Simulating Eqs. ͑21͒ with these parameter values and with all other couplings U i j set to zero, gives a maximum of Ӎ0.95 conversion efficiency, for the optimum delay coefficient of ␣Ӎ1.5.
As the next step, one can include the mean-field energies due to atom-molecule (U 12 , U 13 ) and molecule-molecule (U 22 , U 23 , U 33 ) scattering processes. Considering the fact that the excited molecular state never gets highly populated in STIRAP, only processes described by U 12 and U 22 are to be taken into account here. Provided that the scattering lengths for these processes are of the same order of magnitude as the atom-atom scattering length, these terms do not lead to a dramatic change in the conversion efficiency.
To account for the most recent experimental data on ultracold atom-molecule scattering in a 87 Rb condensate ͓5͔, we have included the U 12 term with a 12 ϭϪ9.346 nm. In addition, we include the U 22 term with an assumption that a 2 ϭa 1 and set U 3i ϭ0 since these are currently not known. The resulting values of U i j are summarized in Table II . The results of simulations are given in Fig. 3 , where we see about 93% (Ӎ0.93) conversion of the atomic condensate into the condensate of molecules for ⍀ 1 (e f f ,0) ϭ⍀ 2 (e f f ,0) ϭ2.1 ϫ10 7 s Ϫ1 , Tϭ10 Ϫ4 s, and ␣Ӎ1.5. This figure also includes the analytic theory calculated in the adiabatic limit for comparison, and shows that for these parameters, the results of the numerical simulation are close to those from the adiabatic theory. Thus, we conclude that even including the mean-field energies STIRAP can be carried out, provided one uses faster time scales than in the absence of the s-wave scattering. As a consequence the effective Rabi frequencies have to be kept at a rather high value. Characteristic results for comparison are summarized in Fig. 4 , where we plot conversion efficiency versus the relative delay coefficient ␣, for cases where s-wave scattering are present or absent, and for different values of the effective Rabi frequencies and pulse durations T. Figure 4͑a͒ shows a reasonably efficient conversion in the absence of mean-field interactions, but it includes losses. As expected, spontaneous-emission losses are reduced, and efficiency is improved further by the use of longer pulses, further into the adiabatic limit, as in Fig. 4͑b͒ . However, the more realistic example given in Fig. 4͑c͒ , which includes mean-field interactions, shows rather poor conversion, especially when we use smaller effective Rabi frequencies, ϭ10 11 s Ϫ1 for the free-bound transition would be realized with a 1 W laser power and a waist size of about 10 m, which is not impossible-but is much higher than we would estimate without the combined effects of spontaneous emission and collisional processes. Another obvious problem here is that the waist size of 10 m is comparable to the characteristic spatial extent of current BECs in a trap.
In summary, our analysis shows that the relatively small overlap integrals for the free-bound transitions, together with the mean-field interaction detunings, can require rather high intensity of the 1 laser for obtaining high conversion efficiencies.
B. Off-resonance operation
In order to allow one to operate under less demanding laser powers or smaller Rabi frequencies ͑e.g., ⍀ 1 (e f f ,0) ϭ⍀ 2 (e f f ,0) ϭ2.1ϫ10 6 s Ϫ1 ͒-while still maintaining efficient conversion-we now consider the role of the detunings ⌬ 1 and ⌬ 2 in the off-resonance regime of operation. In effect, this approach relies on compensating for the phase shifts due to the mean field energies, and tuning the free-bound and bound-bound transitions to a ''true'' resonance. The physics behind this is that in BEC environments it is not appropriate to consider transitions with respect to single-particle bare energies E i . Rather, the relevant energies and therefore the effective resonances have to take into account the mean-field energy contributions due to self-and cross-interactions between the condensates.
More specifically, it is the two-photon detuning ␦ that has to be adjusted to the relative phase between the atomic and molecular condensates. Alternatively speaking, by tuning the two-photon detuning to compensate for the net mean-field energy, one reduces the effect of dephasing since the effective dephasing time becomes longer compared to the pulse durations. The problem, however, is more complicated because the mean field energy is changed dynamically as the Table I. populations of the atomic and the molecular condensate themselves are being changed during STIRAP. As a crude estimate of an appropriate value of ␦ one can simply choose it to compensate the initial mean field energy in the atomic condensate. This approach-employed for smaller Rabi frequencies than before-can substantially improve the conversion efficiency, compared to the case of zero two-photon detuning.
To show this we have carried out simulations with ten times smaller Rabi frequencies than before ͑i.e., with ⍀ i (e f f ,0) ϭ2.1ϫ10 6 s Ϫ1 ͒, corresponding to a decrease of the Raman laser intensities by a factor of 100. The results are summarized in Fig. 5 , where we plot the conversion efficiency versus ␦ for Tϭ10 Ϫ4 s and different delay coefficients ␣.
As we see, by varying the two-photon detuning and tuning it to the optimum value, one can improve the conversion efficiency by about a factor of 2 or more for a range of values of the delay coefficient. Furthermore, as the effective dephasing time is increased when the contribution of the mean field energies is compensated by ␦, one can further improve the results by employing longer pulse durations. More generally, the problem of finding a set of values of T, ␣, and ␦ that maximize the conversion efficiency, for given values of the effective Rabi frequencies, is now transformed to an optimization problem.
C. Asymmetric effective Rabi frequencies
We now wish to explore an alternative strategy for improving the conversion efficiency under experimentally less demanding conditions of smaller Rabi frequencies. We consider the effects of nonequal effective Rabi frequencies.
Using the earlier given characteristic values of the Franck-Condon overlap integrals, ͉I 1,3 ͉Ӎ10 Ϫ14 m 3/2 and ͉I 2,3 ͉Ӎ0.1, we can estimate that the moderate magnitudes of ⍀ 1 (e f f ,0) ϭ⍀ 2 (e f f ,0) ϭ2.1ϫ10 6 s Ϫ1 translate to the following peak values of the bare Rabi frequencies: ⍀ 1 (el,0) ϭ10 10 s
Ϫ1
͓for n 1 (0)ϳ4.3ϫ10 20 m Ϫ3 ͔ and ⍀ 2 (el,0) ϭ2.1ϫ10 7 s Ϫ1 . As we see, while this corresponds to equal effective Rabi frequencies, however, the absolute values of the corresponding bare Rabi frequencies are not equal. The limitation on laser intensities refers primarily to the free-bound transition, whose bare Rabi frequency ⍀ 1 (el,0) is higher. As far as the second Rabi frequency ⍀ 2 (el,0) is concerned, one can, in principle, increase its magnitude up to the same value as ⍀ 1 (el,0) , i.e., ⍀ 2 (el,0) ϭ10 10 s Ϫ1 , thus maintaining experimentally similar and reasonably high intensities for both lasers. Under these conditions, and for the same values of the Franck-Condon overlap integrals and n 1 (0), we would have
We can now ask the question of what happens in STIRAP with different effective Rabi frequencies, and whether one can achieve higher conversion efficiencies in the regime where ⍀ 2 (e f f ,0) ӷ⍀ 1 (e f f ,0) . This approach again leads to an increased conversion efficiency compared to the case of equal effective Rabi frequencies. To generalize the analysis, we now treat different cases as an optimization problem ͑that maximize ), carried out with respect to T, ␣, and ␦, for a set of different values of ⍀ 2 (el,0) within a range of ⍀ 2 (el,0) ϭ1.5ϫ10 7 Ϫ10 10 s Ϫ1 , and for a given value of ⍀ 1 (el,0) ϭ10 10 s Ϫ1 . In terms of the effective Rabi frequencies, this corresponds to ⍀ 2 (e f f ) ranging from 1.5ϫ10 6 to 10 9 s Ϫ1 for a given ⍀ 1 (e f f ,0) ϭ2.1ϫ10 6 s Ϫ1 . The results are summarized in Fig. 6 and in Table III where we give the corresponding optimum values of T, ␣, and ␦, and the resulting maximum conversion efficiency . ϭ2.1ϫ10 6 s Ϫ1 and ␦ϭ0, such that the optimization is carried out only with respect to T and ␣, the maximum conversion efficiency would be Ӎ0.14 ͑at optimum Tϭ0.46 ϫ10 Ϫ4 s and ␣ϭ0.54͒. This case is represented by the triangle, in Fig. 6 .
Thus, we have shown that by introducing the possibility of varying the two-photon detuning ␦ and the Rabi frequency ⍀ 2 (el,0) , the conversion efficiency can be increased almost by a factor of 4. This can be crucial for experimental observation of the phenomenon of coherent conversion of an atomic BEC into a molecular BEC via STIRAP. 
V. REALISTIC CONDENSATE MODELS

A. Uniform multilevel model
In our model for STIRAP we only treated the coupling of laser 1 to the free-bound transition ͉1͘↔͉3͘ with Rabi frequency ⍀ 1 ϭ⍀ 1 (el) I 1,3 together with the coupling of laser 2 to the bound-bound transition ͉2͘↔͉3͘ with Rabi frequency ⍀ 2 ϭ⍀ 2 (el) I 2,3 . This approximation can only be valid if the laser 1 is far detuned from the ͉2͘↔͉3͘ transition, and similarly-if the laser 2 is far detuned from the ͉1͘↔͉3͘ transition. In addition, the two lasers have to be far detuned from transitions to any other vibrational levels ͉vЈ͘ ͑adjacent to ͉3͘) in the excited potential. We define the relevant detunings, for the simplest uniform case, as follows:
In general, these cross-couplings-if included in the model-lead to incoherent radiative losses of atoms and molecules due to spontaneous emission which modifies the effective detunings to
In order that these losses be negligible we require the respective detunings to be large enough. This requirement, however, may not be easily satisfied, as the magnitudes of the detunings are, in principle, limited from above by the characteristic distance between the adjacent vibrational levels of the excited molecular potential. In other words, increasing the detuning with respect to one transition will eventually bring the laser frequency to a resonance with respect to the nearby level. More importantly, these cross-couplings provide scattering pathways that are not cancelled out in a darkstate interference effect, so that their overall disruptive effect-over the adiabatically long pulse durations-may turn out to be rather large. In order to estimate these effects, we therefore explicitly include all other relevant coupling processes into our model. In addition to losses, the incoherent couplings induce light shifts that effectively lead to a dephasing between the atomic and molecular condensates. Treating these leads to the following additional terms in the STIRAP equations, in the same rotating frames as in Eqs. ͑9͒: 
where D 1 ϭ 0 Ϫ 1 and D 2 ϭ 0 Ϫ 2 represent the detunings of lasers 1 and 2 from the resonance frequency 0 of the atomic transition between the dissociation limits of the ground and excited potentials. In addition,
where ␥ A ϭ␥/2 is the atomic spontaneous decay rate, and ⍀ 1 (A) and ⍀ 2 (A) are the atomic Rabi frequencies which we take ⍀ i (A) ϭ⍀ i (el) /ͱ2. We now introduce real frequency shift and loss coefficients, so that ␤ 1 ␥ ϭ␤ 1 ϩi␣/2, ␤ 2 ␥ ϭ␤ 1 ϩi⌫ 2 /2 and Ū 11 ␥ ϭŪ 11 ϩi⌫ 1 /2. Note that, in general, * Ј. This means that the parametric terms are not population-preserving, and can provide a STIRAP-type of loss reduction even for the nonresonant vibrational levels, provided the coupling is STIRAP-like. The coefficients ␣, ⌫ i , ␤ i , Ū 11 , and are obtained by explicitly treating all other levels in the excited potential, adjacent to ͉3͘, followed by the procedure of adiabatic elimination. The coefficients also include the contributions from Raman type of couplings ͉1͘↔͉vЈ͘ by the 1 laser and ͉2͘↔͉vЈ͘ by the 2 laser. In principle, these additional Raman couplings could be treated exactly like the primary STI-RAP transition via ͉3͘, i.e., taking place via the dark-state interference effect, except that the transitions have much larger one-photon detuning. This would require an adiabaticity condition of the form of Eq. ͑17͒ that includes the onephoton detuning, implying that a larger value of the product ⍀ i (e f f ,0) T is needed. However, ⍀ i (e f f ,0) T cannot be made arbitrarily large, as we discussed earlier. Therefore our approach is to treat these extra Raman couplings as loss and dephasing processes, rather than to include them into the adiabatic passage scheme. The contribution of these couplings to the effective atom-molecule conversion rate, described by , is negligibly small compared to the conversion rate due to the parimary Raman transition via ͉3͘.
The relevant transitions that stand behind these coefficients are illustrated in Fig. 7 . For example, the coefficient ␣ describes the process of atomic absorption from either of the two Raman lasers that incoherently produce excited atoms followed by spontaneous-emission loss. The coefficient ⌫ 1 is due to ordinary photoassociation when pairs of atoms from the condensate are transferred ͑again by either of the two Raman lasers͒ into an excited molecular state which can then spontaneously dissociate into a pair of hot ͑noncondensed͒ atoms. The effective rate of this nonlinear loss is ⌫ 1 n 1 . Finally, the coefficient ⌫ 2 describes the loss of molecules due to spontaneous Raman scattering of laser photons. This produces molecules predominantly in rovibrational levels other than the one targeted by the stimulated Raman transition. This term may also describe some scattering which is elastic in the sense that the molecules return to the targeted state, but with an increased kinetic energy due to photon recoil, that will still remove the molecules from the condensate.
The summations in the expressions for ⌫ i , ␤ 2 , Ū 11 , and are carried out over all the excited levels vЈ except the resonant level ͉3͘, which itself participates in STIRAP rather than being adiabatically eliminated. The effects of losses and light shifts due to the cross-couplings to the level ͉3͘ itself are implicitly described by the last terms in the right-hand side ͑rhs͒ of Eqs. ͑26͒-͑28͒. Subsequently, we will estimate the combined effects of all levels in which case the contribution of the level ͉3͘ is estimated by similar terms to the ones included in ⌫ i , ␤ 2 , Ū 11 , except that the detunings ⌬ 1v Ј , 2 and ⌬ 2v Ј , 1 are replaced by ⌬ 13, 2 and ⌬ 23, 1 , respectively, and I i,v Ј are replaced by I i,3 .
Separating out the time dependences of the two Rabi frequencies, the above coefficients can be rewritten as 
where the peak values are, at large detunings, approximately
Јϭ 0 *ϭϪ
The reason for this separation is that the two terms in each coefficient act during different time intervals, corresponding to the first and the second pulse in STIRAP. Accordingly, one has to distinguish their disruptive effect during the duration of the corresponding pulses. For example, the molecule loss term ⌫ 2 (2) acts during the first Raman pulse ͑of frequency 2 ͒ when the molecular field is not populated yet. As a result, the coefficient ⌫ 2 (2) is not so disruptive. On the other hand, the molecule loss term ⌫ 2 (1) is much more important since it acts during the second Raman pulse ͑with frequency 1 ͒ when the population of the molecular condensate becomes high. If the value of ⌫ 2 (1) is too large, one can easily lose all this population during the 1 pulse.
In order that the radiative losses and dephasing due to light shifts be negligible over the duration of STIRAP, the time scales associated with the coefficients ␣, ⌫ 1 n 1 , ⌫ 2 , and the induced relative phases must be much larger than the duration of pulses in STIRAP, i.e.,
This will guarantee that the pulses are switched off before the losses and dephasings can have their disruptive effect. The influence of the nonlinear phase shift due to Ū 11 (i) can be ignored simply on the grounds of Ū 11 (i) ӶU 11 which is the case we encounter in our analysis.
In the above conditions involving the coefficients ⌫ 1 (2) , ⌫ 2
(1) , and ␤ 2 (1) , we have included additional terms which are the contributions from the incoherent cross-couplings 1↔3 by the laser 2 and 2↔3 by the laser 1 . As we mentioned earlier, these processes are treated explicitly by the last terms in the rhs of Eqs. ͑26͒-͑28͒. However, their overall effect can be described by expressions similar to the corresponding terms in the coefficients ⌫ 1 (2) , ⌫ 2 (1) , and ␤ 2 (1) . Therefore these additional contributions must be included in the above conditions, as they play an important role for correct estimates of the overall degree of disruption due to incoherent couplings.
Our goal now is in performing a realistic analysis of the above coefficients for the 87 Rb 2 molecule under consideration, and in finding appropriate target levels for the Raman transitions in STIRAP so that the disruptive effects are minimized. This is done using the results of calculation ͓17͔ of the dipole matrix elements, energy eigenvalues, and the Franck-Condon overlap integrals for model potentials that closely approximate the 87 Rb 2 ground 3 ͚ u ϩ potential and the O g Ϫ symmetry excited potential. The calculation treats 205 ro-vibrational levels in the excited potential ͑which we label by vЈϭ0, 1,2, . . . ,204͒ and 39 levels (vϭ0,1,2, . . . ,38) in the ground potential.
Within such a large range of target levels that the Raman transitions can be tuned to, several possibilities can be readily eliminated to simplify the search. For example, Raman transitions via one of the highly excited levels (vЈ տ190) will suffer from large values of the atomic loss coefficient ␣ since the detunings D i will be small, and as a result the condition ͓␣ (i) ͔ Ϫ1 ӷT will not be satisfied. On the other hand, transitions via low excited states (vЈՇ160) will have very small values of the free-bound Franck-Condon overlap integral,
. This in turn will result in small effective Rabi frequency ⍀ 1 (e f f ,0) ͑using reasonable values of the intensity of the laser 1 and the density n 1 ͒, so that the adiabaticity condition ⍀ 1 (e f f ,0) Tӷ1 is not satisfied. In general, the behavior of the coefficients ⌫ 1 (i) , ⌫ 2 (i) , and ␤ 2 (i) is not of a trivial character. Each particular choice of the final state ͉v͘ in the ground potential which we designate as ͉2͘ will result in different sets of the detunings of the Raman lasers with respect to couplings to different excited levels. Further complications emerge from the oscillatory behavior of the Franck-Condon overlap integrals, as shown in Fig. 8 . This means that the contribution of the levels nearest to ͉3͘, having the smallest detunings, may not necessarily give the leading term in the sums over vЈ since the further detuned levels may have larger Franck-Condon overlaps, thus resulting in comparable contributions to the coefficients. In addition, different terms in the expression for ␤ 2 (i) will depend on the sign of the respective detuning, so that they may add up into either a positive or negative value of ␤ 2 (i) . Thus our analysis consists of a calculation of all the above coefficients for different levels ͉v͘ and ͉vЈ͘, and subsequent identification of an optimum target level that satisfies the conditions ͑48͒-͑54͒ as closely as possible. For each level ͉v͘ϵ͉2͘ in the ground potential we scan the Raman transitions through different levels ͉vЈ͘ in the excited potential, treating this as ͉3͘ and carrying out the summations over the remaining levels.
The calculation is done for ⍀ 1 (el,0) ϭ10 10 s Ϫ1 and ⍀ 2 (el,0) ϭ10 9 s Ϫ1 . To simplify the analysis we consider the case of ⌬ 1 ϭ0 and ␦ϭ0, i.e., we only treat cases when the primary Raman transition is resonant. Once the optimum level is identified, we can subsequently fine tune the two-photon detuning ␦ for optimum conversion. Provided that the order of magnitude of the optimum ␦ is ͉␦͉ϳ10 4 s Ϫ1 as found in the examples of Secs. IV B and IV C, this subsequent fine tuning will have no effect on the results of calculation of the loss and light shift coefficients, since these involve detunings ⌬ iv Ј , j that typically have much larger magnitudes,
The most favorable case that we find corresponds to tun- Table IV .
An important factor in minimizing the most significant loss coefficient ⌫ 2
(1) and its ''cousin'' term in Eq. ͑51͒ is the relatively small value of I 2,3 and of the Franck-Condon overlaps I 2,v Ј of the closest nearby levels. While this is favorable for the undesired loss terms, the small value of I 2,3 also affects the strength of the bound-bound coupling of the primary Raman transition, ⍀ 2 (e f f ,0) ϭ⍀ 2 (el,0) I 2,3 , which must be kept large. However, the small I 2,3 value is compensated here by a strong bare electronic Rabi frequency ⍀ 2 (el,0) ϭ10 9 s Ϫ1 so that ⍀ 2 (e f f ,0) is still large and the adiabaticity condition is maintained.
Using the above parameter values and simulating the STI-RAP equations with the additional terms given by Eqs. ͑26͒-͑28͒ results in about 42% conversion efficiency (ϭ0.42), which is rather high and is an encouraging result. In this simulation, the estimated optimum pulse duration T, the pulse delay coefficient ␣, and the two-photon detuning ␦ 
B. Nonuniform condensates
The final step in our analysis is to include the trap potential and the kinetic energy terms and simulate the full set of coupled inhomogeneous mean-field equations ͑6͒ in three space dimensions. The initial state in these simulations is a pure atomic BEC, with no molecules present, as given by the standard steady-state Gross-Pitaevskii equation in a trap. We consider spherically symmetric trap potentials V i (x)ϭE i ϩ(m i /2) i 2 ͉x͉ 2 and choose the trap oscillation frequencies i equal to each other: i /2ϭ100 Hz (iϭ1,2,3). Including these terms, we simulate Eqs. ͑6͒ assuming that the initial peak density of the atomic BEC is n 1 (xÄ0,tϭ0)ϭ4.3 ϫ10 20 m Ϫ3 at the trap center. This corresponds to the total initial number of atoms N 1 ϭ͐dx͉(x,0)͉ 2 equal to N 1 ϭ5 ϫ10 5 . We note that the characteristic time scale associated with the trap potential can be estimated as t ϭ1/Ӎ1.6 ϫ10 Ϫ3 s. The time scale associated with the kinetic energy term is estimated from the ''healing'' length l h ϳͱបt h /m 1 which corresponds to a healing time scale of t h . Under the adiabatic conversion of an equilibrium ͑Thomas-Fermi like͒ atomic BEC, this healing time scale coincides with the dephasing time t ph associated with the mean field energy potential and discussed before. Both these time scales ͑t and t h ͒ are longer than the duration of pulses in STIRAP we employed earlier. Therefore, addition of these terms cannot dramatically change the results and conclusions obtained above for uniform condensates.
To show this we first consider the idealized three-level model with parameter values given in Tables I and II, 10 and 11, where we see a rather high conversion efficiency Ӎ0.91. This should be compared with the uniform condensates result of Fig. 3 .
Next, we consider the case of more realistic parameter values ͑lower Rabi frequencies͒, and include the effects of incoherent radiative losses and dephasings as described in the previous sub-section. Using the calculated values of all relevant parameters for the Raman transitions tuned to vЈ ϭ177 and vϭ35, and adding the trap potential and kinetic energy terms to the earlier Eqs. ͑26͒-͑28͒, we simulate the process of STIRAP governed by the resulting full set of mean-field equations in three dimensions: We switch on the sequence of two Raman pulses, as shown in Fig. 9 Table IV and II, while the spontaneous decay rate is ␥ϭ7.4ϫ10 7 s Ϫ1 , as before. The optimum value of ␦ accounts for nonzero values of the light shift coefficients ␤ i , so that the actual detuning to be optimized using the Table III is the overall effective detuning ␦ ϭ␦ϩ␤ 2 Ϫ2␤ 1 . The results of simulations with this set of parameter values are given in Fig. 12 where we plot the total occupation numbers in the atomic and molecular BECs as a function of time. The obtained conversion efficiency is Ӎ0.32. This is 10% lower than the efficiency in the corresponding homogeneous case of Fig. 9 , but still is a rather encouraging result given the fact that 32% conversion of about 5ϫ10 5 atoms would give a molecular BEC with the total of 8ϫ10 4 molecules, with a peak density of about 10 20 m Ϫ3 .
VI. SUMMARY
To summarize, STIRAP is a potential route towards the coherent conversion of an atomic to a molecular BEC. This process involves stimulated emission of molecules, and is very different to normal chemical kinetics. As such, it is a form of ''superchemistry'' ͓1͔. STIRAP in an atomic BEC can be treated in a very similar way to normal STIRAP, by introducing an effective Rabi frequency for the first photoassociation transition. A potential difficulty is the relatively low values of the effective Rabi frequency in the first or photoassociation transition. This can be regarded as physically due to the low densities of atoms in a typical weakly interacting BEC, compared with atoms in a molecule. This means that the corresponding Franck-Condon coefficient, after multiplying by the relevant BEC amplitude, has a very small value. Thus, the laser intensities required may be quite high, in order to obtain Rabi frequencies comparable to those used in atomic transitions.
This by itself is not critical, since deep in the adiabatic limit it is normally permissible to use low Rabi frequencies, as long as the associated time scales are long enough. From this point of view, the use of STIRAP, and consequent reduction of spontaneous emission, is a physically sensible idea. However, including s-wave scattering or mean-field processes into the model for STIRAP sets up a characteristic two-photon dephasing time scale, so that the pulse durations in STIRAP have to be shorter than a certain critical value. Short pulse durations necessarily involve high values for the effective Rabi frequencies in the usual symmetric case of ⍀ 1 (e f f ,0) ϭ⍀ 2 (e f f ,0) , thus requiring a very high laser power for the first transition-if the adiabaticity condition is to be maintained.
In order to ease this demanding requirement and be able to achieve highest possible conversion efficiency at smaller total laser power, we propose to use an off-resonance operation ͑thus canceling part of the mean-field detuning effect͒ and effective Rabi frequencies ⍀ 1 (e f f ,0) and ⍀ 2 (e f f ,0) of different magnitudes. This has the effect of dramatically increasing coherent molecule production, in a physically accessible regime of moderate laser intensity. Further improvements may be possible by tailoring the input pulse frequencies to the time-dependent two-photon detuning, caused by interatomic and intermolecular scattering. We have carried out meanfield calculations in three dimenisons to verify that trap inhomogeneity should not have adverse effects on the STIRAP process.
Finally, we stress the importance of radiative losses and dephasing due to incoherent processes that occur during STI-RAP. These processes are usually assumed to be negligible in ordinary STIRAP between purely atomic or molecular states. In the present case of coupled atomic and/or molecular BECs, this assumption cannot be easily justified since the free-bound transition typically involves a relatively low effective Rabi frequency, which necessitates long pulse durations. Instead, we find that the incoherent couplings can be rather destructive unless special care is taken to minimize their effect. This involves detailed knowledge of the structure of the free-bound and bound-bound transitions and subsequent identification of optimum target levels in STIRAP, so that the overall conversion efficiency remains comparable to the predictions of the simplified three-level model.
